Heden TD, Winn NC, Mari A, Booth FW, Rector RS, Thyfault JP, Kanaley JA. Postdinner resistance exercise improves postprandial risk factors more effectively than predinner resistance exercise in patients with type 2 diabetes. J Appl Physiol 118: 624 -634, 2015. First published December 24, 2014 doi:10.1152/japplphysiol.00917.2014.-Abnormally elevated postprandial glucose and triacylglycerol (TAG) concentrations are risk factors for cardiovascular disease in type 2 diabetes. The most effective time to exercise to lower postprandial glucose and TAG concentrations is unknown. Thus the aim of this study was to determine what time is more effective, either pre-or postdinner resistance exercise (RE), at improving postprandial risk factors in patients with type 2 diabetes. Thirteen obese patients with type 2 diabetes completed three trials in a random order in which they consumed a dinner meal with 1) no RE (NoRE), 2) predinner RE (RE ¡ M), and 3) postdinner RE beginning 45 min after dinner (M ¡ RE). Clinical outcome measures included postprandial glucose and TAG concentrations. In addition, postprandial acetaminophen (gastric emptying), endocrine responses, free fatty acids, and ␤-cell function (mathematical modeling) were measured to determine whether these factors were related to changes in glucose and TAG. The TAG incremental area under the curve (iAUC) was ϳ92% lower (P Յ 0.02) during M ¡ RE compared with NoRE and RE ¡ M, an effect due in part to lower very-low-density lipoprotein-1 TAG concentrations. The glucose iAUC was reduced (P ϭ 0.02) by ϳ18 and 30% during the RE ¡ M and M ¡ RE trials, respectively, compared with NoRE, with no difference between RE trials. RE ¡ M and M ¡ RE reduced the insulin iAUC by 35 and 48%, respectively, compared with NoRE (P Ͻ 0.01). The glucagon-like peptide-1 iAUC was ϳ50% lower (P Յ 0.02) during M ¡ RE compared with NoRE and RE ¡ M. Given that predinner RE only improves postprandial glucose concentrations, whereas postdinner RE improves both postprandial glucose and TAG concentrations, postdinner RE may lower the risk of cardiovascular disease more effectively. exercise timing; glycemic control; weight training; obesity; glucose metabolism; lipid metabolism ABNORMALLY ELEVATED POSTPRANDIAL glucose (17, 31) and triacylglycerol (TAG) (9, 24, 32) concentrations are strong risk factors for cardiovascular disease (CVD) in patients with type 2 diabetes. Therefore, interventions that reduce postprandial glucose and TAG concentrations should lower the risk of CVD (19, 25) . Acute exercise typically lowers postprandial glucose (7, 12, 20, 21, 26, 28, 29, (37) (38) (39) (40) and TAG concentrations (35) in patients with type 2 diabetes, but there is considerable heterogeneity in the responses, with some individuals not experiencing beneficial changes in these risk factors (11, 37). One potential explanation why some patients with type 2 diabetes do not have beneficial changes in postprandial glucose and TAG with acute exercise is because of the timing of the acute exercise session relative to meal consumption.
ABNORMALLY ELEVATED POSTPRANDIAL glucose (17, 31) and triacylglycerol (TAG) (9, 24, 32) concentrations are strong risk factors for cardiovascular disease (CVD) in patients with type 2 diabetes. Therefore, interventions that reduce postprandial glucose and TAG concentrations should lower the risk of CVD (19, 25) . Acute exercise typically lowers postprandial glucose (7, 12, 20, 21, 26, 28, 29, (37) (38) (39) (40) and TAG concentrations (35) in patients with type 2 diabetes, but there is considerable heterogeneity in the responses, with some individuals not experiencing beneficial changes in these risk factors (11, 37) . One potential explanation why some patients with type 2 diabetes do not have beneficial changes in postprandial glucose and TAG with acute exercise is because of the timing of the acute exercise session relative to meal consumption.
Limited evidence suggests that the timing of aerobic exercise around a meal may be important and might explain why some individuals are exercise "insensitive" or "nonresponders". The only study to directly compare the effect of premeal and postmeal aerobic exercise on postprandial glucose concentrations in patients with type 2 diabetes showed that postdinner, but not predinner, walking lowered postprandial glucose concentrations (4) . Although no study has directly examined the effect of exercise timing on postprandial TAG in patients with type 2 diabetes, there is evidence that exercise performed the day before a high-fat meal has no effect on postprandial TAG responses (5, 11) , whereas postbreakfast aerobic exercise reduced the postprandial TAG response (35) . Taken together, it appears that aerobic exercise may have its most powerful effect to lower postprandial glucose and TAG responses when performed after a meal, possibly because of slowed gastric emptying and/or greater skeletal muscle glucose and TAG uptake and utilization at this time.
The aforementioned studies suggest aerobic exercise timing is critically important, but no study, to our knowledge, has examined how resistance exercise (RE) timing relative to dinner alters postprandial glucose and TAG concentrations. From a practical perspective, many obese patients with type 2 diabetes may not enjoy or be able to perform aerobic exercise soon after a meal when the exercise session may have its most powerful effect to lower postprandial glucose and TAG concentrations. However, RE may be a practical alternative because it can be better tolerated in obese patients with type 2 diabetes as traditional RE consists of short work periods with long rests between sets. However, compared with aerobic exercise, RE is a different physiological stimulus (i.e., RE is anaerobic, does not involve continuous skeletal muscle contractions, and has lower energy expenditure), thus it is not clear if RE would alter postprandial glucose and TAG concentrations as robustly as aerobic exercise. Some studies report acute RE before meal(s) improves glycemic control (7, 38) , while other studies report it does not (3, 8) , and no study has assessed how acute RE alters postprandial TAG concentrations. In addition, most of these studies assessed the effects of RE on postprandial glucose concentrations after a breakfast or lunch meal, and not a dinner meal later in the day, a time when individuals typically eat their biggest meal and when glucose and TAG concentrations have been reported to be highest in patients with type 2 diabetes (1, 10). Therefore, the primary purpose of this study was to test the hypothesis that postdinner RE, compared with predinner RE, is more effective at improving two clinically important postprandial risk factors (glucose and TAG) for CVD at a time of day when they are typically highest in obese patients with type 2 diabetes. In addition, postprandial acetaminophen (gastric emptying), endocrine responses, free fatty acids (FFA), and ␤-cell function (mathematical modeling) were measured to determine whether alterations in these factors were related to changes in postprandial glucose and TAG concentrations. Subjective well-being was assessed to determine how feasible the different RE times were.
RESEARCH DESIGN AND METHODS

Participants
The University of Missouri Health Science Institutional Review Board approved this study protocol, and all participants provided written, informed consent. Participants in this study were obese (body mass index Ͼ 30 kg/m 2 ), physician diagnosed with type 2 diabetes, receiving standard medical care, nonsmokers, not using insulin, had no history of surgery for weight loss, refrained from performing exercise or going on any special diets while participating, and were weight stable. The participants took their medications at the usual dose, frequency, and time while participating in this study. This study is registered at ClinicalTrials.gov: NCT02180620.
Experimental Design
Baseline testing included assessments of height, weight, body composition (assessed via BODPOD), resting energy expenditure, physical activity energy expenditure, and familiarization and strength testing (described in detail later). After baseline testing, all participants completed three, 3-day trials in a random order.
Day 1. On day 1, a continuous glucose monitor was inserted into the abdomen of the participant, and the participants were instructed on how to take and record a finger stick blood glucose measure with a glucometer (Accu-Chek Compact Plus, Roche Diagnostics), which was used to calibrate the continuous glucose monitor. Following training, the participants were given their prepackaged study meals and were instructed on when to eat the meals the following day.
Day 2. On day 2, the participants ate the standardized breakfast and lunch on their own and immediately before each meal recorded a finger stick blood glucose measure. In the evening, the participants reported to the laboratory for testing in the late afternoon, and, upon arrival, a venous catheter was inserted into a forearm vein, and frequent blood samples were taken (described in detail later). The participants consumed a dinner meal in the laboratory with 1) no RE (NoRE), 2) predinner RE (RE ¡ M) ending ϳ20 -30 min before dinner, or 3) postdinner RE beginning 45 min after dinner (M ¡ RE).
Day 3. On day 3 of all trials (between 6:30 and 8:30 AM) and ϳ12-15 h after the RE session, the participants reported to the laboratory overnight fasted, and a fasting blood sample was taken, followed by consumption of a standardized breakfast meal. After the participants consumed breakfast, they were allowed to leave the laboratory but were required not to consume any food for 4 h so that the 4-h postprandial glucose response to breakfast could be measured. The participants took their medications at the usual dose, frequency, and time while participating in this study.
RE
For baseline testing, each participant performed familiarization and strength testing so that they were not naive to RE before the study.
The first familiarization was designed to teach the participants how to properly perform each exercise. During this visit, the weight for RE was light (ϳ10 -40% of body weight), and the participants performed one to two sets of 10 repetitions of the following exercises (in this order): leg press, seated calf raises, seated chest flies, seated back flies, back extensions, shoulder raises, leg curls, and abdominal crunches. Within a week of this first visit, participants returned for strength testing, and their 10 repetitions maximum (10-RM) for each exercise described previously (except abdominal crunches) was determined. At least 3 days after 10-RM testing, a second familiarization was performed, during which the participants performed three sets (1-2 min rest between sets) of 10-RM for each RE. During this session, the first set for each exercise was a warm-up set, and the weight used was 50% of the participants' 10-RM. After the warm-up set, the weight for the next two sets was the participants' previously determined 10-RM. Following these visits, the participants completed the 3 study days, and the RE session during the study days was identical to the protocol for the second familiarization session.
Diet
During baseline testing, resting energy expenditure was measured using indirect calorimetry (ParvoMedics TrueOne 2400), and the average physical activity energy expenditure over a 2-to 3-day period was measured with a BodyMedia armband. The sum of these two measurements was used as an estimate of total daily energy expenditure, and the participants were provided with their respective energy needs during the day of testing. For all meals, the macronutrient composition was ϳ50% carbohydrate, 35% fat, and 15% protein. The breakfast meal was 2,448 kJ and consisted of an English muffin, cheddar cheese, one large egg, ham, hash browns, ketchup, and apple or orange juice. The lunch meal was 2,439 kJ and consisted of white bread, ham, mayonnaise, cheddar cheese, a granola bar, and apple or orange juice. The dinner meal was spaghetti noodles, spaghetti sauce with beef added, garlic bread, a lemon-lime flavored soda, and 1.5 g of acetaminophen (to assess gastric emptying). The energy content of dinner was calculated by subtracting 4,887 kJ (from breakfast and lunch meals) from the estimated total daily energy expenditure for each participant.
Indirect Calorimetry, Heart Rate, Ratings of Perceived Exertion, and Well-being
Indirect calorimetry was used to measure energy expenditure and substrate oxidation during the time frame when RE was performed. Ratings of perceived exertion were measured at the end of every RE set using the Borg 6 -20 scale. Subjective well-being was assessed using a 100-mm visual analog scale after every blood draw to determine how RE made the participants feel (2). The question was worded "How strong is your overall feeling of well-being (pleasure)," and the participants marked a single horizontal line through the vertical line on the scale in between the anchors "not at all" and "extremely".
Blood Collection
Blood samples were taken every 5-10 min during the first 3.7 h of testing and every 30 min during the last 2 h. Blood samples were transferred immediately into chilled EDTA tubes, either with added aprotinin (ThermoFisher Scientific) only (for TAG samples), chilled EDTA tubes with added dipeptidyl peptidase-4 inhibitor (Millipore), Pefabloc SC (DSM Nutritional Products AG), and aprotinin (for hormone, glucose, and FFA analysis), or EDTA tubes without any protease inhibitors added (for acetaminophen assay). Blood was separated by centrifugation using an Eppendorf 5702R centrifuge at 3,000 rpm for 10 min at 4°C and then frozen at Ϫ80°C until analysis.
Separation of Lipoprotein Species
Separation of plasma chylomicron [Svedberg flotation index (Sf) Ͼ 400], very-low-density lipoprotein (VLDL)-1 (Sf 60 -400), and VLDL-2 (Sf 20 -60) was performed using density gradient ultracentrifugation, as described by Karpe and Hamsten (18) , but with minor modification. KBr (0.1 g) was mixed into 1 ml of fresh plasma to bring the density up to ϳ1.1 g/l in a polyallomer ultracentrifuge tube (14 ϫ 89 mm tube, Beckman Coulter). Next, a density gradient consisting of 3 ml of KBr salt solution (1.1 g/l), 4 ml of NaCl solution (1.065 g/l), 3 ml of KBr solution (density 1.020 g/l), and 1 ml of NaCl solution (density 1.006 g/l) was layered above the plasma. Ultracentrifugation was performed using a TH-641 (ThermoFisher Scientific) swinging bucket rotor at 40,000 rpm and 10°C. For the separation of each lipoprotein species, consecutive ultracentrifugations of 32 min (chylomicrons), 3 h and 28 min (VLDL-1), and 16 h (VLDL-2) were performed. After each run, the top 1-ml layer was carefully removed and frozen at Ϫ80°C until analysis. Before the next run, the tube was refilled with 1 ml of NaCl solution of density 1.006 g/l. Only five time points were assessed for TAG due to limited space in the ultracentrifuge.
Biochemical Analyses
Whole blood glucose was assessed using a YSI 2700 Select (YSI). Plasma TAG (Infinity, ThermoFisher Scientific), FFA (Wako Chemicals), and acetaminophen (Cambridge Life Science) concentrations were determined using a colorimetric assay. Plasma hormone concentrations were determined using a MILLIPLEX magnetic bead-based immunoassay (Millipore). Hematocrit was measured after every blood draw, and samples were corrected for plasma volume shifts. Plasma volume variations (⌬VP) were calculated from hematocrit (Ht) variations (Ht1 ϭ baseline Ht, Ht2 ϭ sample after baseline Ht) using the following formula: %⌬VP ϭ 100 ϫ {(Ht1 Ϫ Ht2)/[Ht2 ϫ (100 Ϫ Ht1)]}. Corrected plasma values were calculated using the following formula: corrected value ϭ (initial value ϫ 100)/(100 Ϫ ⌬VP). Interand intra-assay coefficients of variation were Ͻ 10% for all variables.
␤-cell Function
Model based ␤-cell function parameters (␤-cell glucose sensitivity, potentiation factor ratio, and rate sensitivity) were calculated using a mathematical model developed by Mari et al. (22, 23) . Briefly, ␤-cell glucose sensitivity is the slope of the dose-response relation between insulin secretion and glucose concentration. The potentiation factor represents relative potentiation or inhibition of insulin secretion during the test. The potentiation factor ratio is the ratio between potentiation at the end of the dinner meal (220 -240 min) and the initial value (0 -20 min). Rate sensitivity represents the enhancement of insulin secretion proportional to the rate of change of plasma glucose. Insulin secretion rates used in the model were calculated by deconvoluting C-peptide concentrations (36) .
Calculations
Postprandial responses were quantified using incremental area under the curve (iAUC) (30) . Gastric emptying was quantified using the acetaminophen iAUC. Insulin clearance was calculated as the molar ratio of insulin to C-peptide at each time point as a percent ({1 Ϫ [insulin/C-peptide (pmol/l)]} ϫ 100) (14, 15) , and then the iAUC was calculated to estimate insulin clearance over the entire testing period.
Statistical Analysis
Statistical analyses were performed using the SPSS statistical software, version 18.0 (IBM). A paired-samples t-test was used to compare metabolic, heart rate, and perceived exertion data between trials. A repeated-measures ANOVA with follow-up Bonferroni adjusted post hoc t-tests was used to determine specific differences between iAUC values. Alpha was set at P Յ 0.05. All values are reported as means Ϯ SE for all 13 subjects, unless otherwise noted.
RESULTS
Participant Characteristics and Metabolic and Perceived Exertion Data during Exercise
Thirteen obese men and women with type 2 diabetes completed this study ( Table 1 ). The participants were weight stable during the study and did not change their medication usage. The average heart rate during exercise was 4 beats/min higher (P ϭ 0.01) during M ¡ RE compared with RE ¡ M, while all other variables were similar ( Table 2 , P Ͼ 0.05).
TAG, Glucose, and Insulin Responses
During M ¡ RE, the postprandial total TAG iAUC was reduced by ϳ92% (P Յ 0.02) compared with NoRE and RE ¡ M (Fig. 1, A and B) , an effect due to reduced VLDL-1 TAG Values are means Ϯ SE. For duration, oxygen consumption, energy expenditure, respiratory exchange ratio, and heart rate, only data for n ϭ 12 are reported. For ratings of perceived exertion (RPE), data for n ϭ 13 are reported. RE ¡ M, resistance exercise performed before dinner consumption; M ¡ RE, dinner consumption before resistance exercise; NoRE, no resistance exercise. The data under NoRE-1 is during the same time frame (i.e., before dinner) as RE ¡ M but during the NoRE trial, whereas the data under NoRE-2 is during the same time frame (i.e., after dinner) as M ¡ RE but during the NoRE trial. *P Ͻ 0.05 compared with RE ¡ M or M ¡ RE. ‡P Ͻ 0.05 compared with heart rate during the RE ¡ M trial. †P Ͻ 0.05 compared with NoRE-1.
concentrations (Fig. 1, E and F) . Neither chylomicron (Fig. 1,  C and D) nor VLDL-2 TAG (Fig. 1, G and H) concentrations were different between trials (P Ͼ 0.05). The predinner glucose iAUC was significantly lower (P Ͻ 0.01) during RE ¡ M compared with NoRE and M ¡ RE (Fig. 2, A and B) . The postprandial glucose iAUC was reduced by 30 and 18% during M ¡ RE and RE ¡ M, respectively, compared with NoRE (both P ϭ 0.02), with no difference between exercise trials (Fig. 2C) . Predinner insulin concentrations were not different between trials, but the postprandial insulin iAUC was 39 and 31% lower (P Ͻ 0.01) during M ¡ RE and RE ¡ M, respectively, compared with NoRE (Fig. 2, D-F) .
Insulin Kinetics, ␤-cell Function, and Gastric Emptying
The postprandial insulin secretion rate iAUC was 40% lower (P ϭ 0.01) during the M ¡ RE trial compared with the NoRE trial and tended to be lower during the RE ¡ M trial compared with the NoEX trial (P ϭ 0.06) (Fig. 3, A and B) . The postprandial insulin clearance iAUC was nearly three-and twofold greater (iAUC was less negative, P Յ 0.02) during RE ¡ M and M ¡ RE, respectively, compared with NoRE, and nearly twofold greater (P ϭ 0.01) during RE ¡ M compared with M ¡ RE (Fig. 3, C and D) . There were no significant differences (P Ͼ 0.05) in gastric emptying, ␤-cell glucose sensitivity, rate sensitivity, or the potentiation factor ratio between trials (Table 3) .
GIP, GLP-1, FFA, C-peptide, and Glucagon Responses
Neither premeal nor postprandial glucose-dependent insulinotropic polypeptide (GIP) concentrations were significantly different (P Ͼ 0.05) between trials (Fig. 4, A-C) . During M ¡ RE, the postprandial glucagon-like peptide-1 (GLP-1) iAUC was 50 and 49% lower (P Յ 0.02) compared with RE ¡ M and NoRE, respectively (Fig. 4, D-F) . The rise in premeal FFA concentrations was significantly attenuated (P Ͻ 0.01) during RE ¡ M compared with NoRE and M ¡ RE (Fig. 4, G and  H) . Similarly, the drop in postprandial FFA concentrations was significantly less (P Ͻ 0.01) during RE ¡ M compared with NoRE and M ¡ RE (Fig. 4I) . The predinner C-peptide iAUC was ϳ2.7-fold lower (P ϭ 0.01) during RE ¡ M compared with M ¡ RE and NoRE (Fig. 5, A and B) . The postprandial C-peptide iAUC was 45% lower (P ϭ 0.02) during M ¡ RE compared with NoRE (Fig. 5C ). Premeal glucagon responses were not different between trials, but the postprandial glucagon iAUC dropped significantly more (P Յ 0.01) during RE ¡ M compared with the other trials because it was higher at the start of the meal (Fig. 5, D-F) .
Nocturnal and Morning Glycemic Control and Insulin Sensitivity
Nocturnal or morning glycemic control (Table 4) , fasting glucose, insulin, C-peptide, insulin clearance, homeostatic model assessment of insulin resistance, Quantitative Insulin Sensitivity Check Index, and TAG (Table 5) were not different between trials the next morning (P Ͼ 0.05).
Subjective Well-being
Baseline well-being was significantly different between trials (P ϭ 0.02); thus, to better illustrate the change in well- 
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Exercise Timing and Metabolic Control • Heden TD et al. being, change scores were used. The premeal subjective wellbeing iAUC was significantly greater during RE ¡ M compared with NoRE (P ϭ 0.03) and tended to be greater (P ϭ 0.09) compared with M ¡ RE (Fig. 6, A and B) . The postprandial well-being iAUC was significantly greater (P ϭ 0.02) with RE compared with NoRE, independent of RE timing (Fig.  6, C and D) .
DISCUSSION
With a push toward personalized medicine, knowledge of the best time to perform exercise around a meal could provide health care professionals with a better understanding of how to personalize exercise prescription to optimize its metabolic health benefits. Thus the overarching goal of this project was to identify the most effective time, either before or after dinner, to perform RE to lower postprandial glucose and TAG concentrations, two important postprandial CVD risk factors in obese patients with type 2 diabetes. The key clinically significant findings of this study are as follows: 1) both pre-and postdinner RE reduces postprandial glucose concentrations, while only postdinner RE reduces both postprandial glucose and TAG concentrations; 2) both pre-and postdinner RE reduces insulin concentrations, but via different mechanisms, as predinner RE enhances estimated insulin clearance, whereas postdinner RE reduces estimated insulin secretion and enhances estimated insulin clearance; and 3) postdinner RE reduces postprandial GLP-1 concentrations, while predinner RE does not. Taken together, postdinner RE is more effective at improving postprandial CVD risk factors compared with predinner RE in obese patients with type 2 diabetes, although these benefits are short lived and do not last into the overnight period or into the next day. Importantly, RE improved well-being, making it a feasible option in this population.
Previous research is disparate as two studies have shown that acute RE prior to a meal(s) improves glycemic control (7, 38) , but two other studies showed acute RE does not improve glycemic control (3, 8) in patients with type 2 diabetes. Similar to some of these findings, in the present study both pre-and postdinner RE equally improved glycemic control compared with NoRE. With predinner RE, postprandial glucose concentrations were lower from ϳ1-3 h after the meal compared with NoRE. During postdinner RE, glucose concentrations were lower during exercise, from ϳ45 min to 1.5 h after the meal, and rebounded at the cessation of exercise to NoRE levels. These drastic differences in glucose responses suggest different glucose-lowering mechanisms may be at play, depending on RE timing. It is possible that during the predinner RE trial, insulinindependent glucose uptake and insulin action should have been increased and thus increased glucose uptake and utilization during the subsequent meal. During the postdinner RE trial, elevated insulin concentrations due to the meal, as well as the skeletal muscle contractions, probably worked synergistically to increase skeletal muscle blood glucose uptake, as has been shown with aerobic exercise (20, 33, 34) . Interestingly, once the postdinner RE session was over, blood glucose concentrations rebounded and were similar to those during the NoRE trial. This rebound in glucose may have been due to a simultaneous reduction in skeletal muscle glucose uptake at the cessation of exercise and a transient increase in hepatic glucose output, which has been shown to occur with postprandial aerobic exercise in patients with type 2 diabetes (20) . The CGMS data suggest that these improvements in glycemia are short-lived and do not extend into the next day, thus daily RE may be required to maintain improvements in glycemia, at least in the early stages of training.
For the first time, this study shows that postdinner RE lowers postprandial TAG concentrations, whereas predinner RE does not. The available data with aerobic exercise in patients with type 2 diabetes somewhat support our findings, although comparisons between studies are difficult because of different study designs. For example, two studies have shown prior aerobic exercise performed the day before the test meal does not alter postprandial TAG concentrations (5, 11) , while in another study postmeal aerobic exercise reduced postprandial TAG concentrations compared with no exercise (35) . The majority of TAG in circulation originates from either exogenous sources and is in the form of chylomicron particles, or endogenous sources from the liver and is in the form of VLDL-TAG (13) . We attempted to establish whether chylomicrons or VLDL-TAG were modified by RE timing and observed that neither premeal nor postmeal RE modified postprandial chylomicron or VLDL-2 TAG particles. Instead, the reduction in postprandial TAG concentrations with postdinner RE was mediated by reduced VLDL-1 TAG concentrations. Although not possible to determine from the data, the mechanism(s) for the reduction in VLDL-1 TAG with postdinner RE could have been mediated by enhanced hydrolysis of TAG by lipoprotein lipase in skeletal muscle and/or by reduced hepatic VLDL-1 TAG secretion (13) .
In the present study, both pre-and postdinner RE reduced postprandial insulin concentrations, a finding that is in agreement with other work (8), but with potential differing physiological mechanisms. With predinner RE, the reduction in postprandial insulin concentrations was mediated by enhanced Values are means Ϯ SE. The data for the nocturnal glucose response are for n ϭ 13, whereas the data for the morning glucose responses are for n ϭ 12.
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Exercise Timing and Metabolic Control • Heden TD et al. insulin clearance, and this has been shown previously for RE (8) . Although predinner RE reduced glucose concentrations, this was not associated with significantly reduced insulin secretion (although insulin secretion was slightly lower), possibly because the insulin-potentiating hormones GLP-1 or GIP were not significantly reduced. This finding is similar to an aerobic exercise study in which premeal aerobic exercise did not alter postprandial GLP-1 or GIP responses in patients with type 2 diabetes (6). During postdinner RE, the reduction in insulin concentrations was mediated by both increased insulin clearance and reduced insulin secretion, although the increase in insulin clearance was not as great compared with the predinner RE trial. Lower postprandial insulin secretion with postdinner RE could have been mediated by reduced GLP-1 and glucose concentrations and not by changes in GIP or ␤-cell function since they were unchanged. We speculate the mechanism by which RE increases insulin clearance could potentially be due to increased skeletal muscle blood flow. Increased blood flow in skeletal muscle may increase blood flow through previously nonflowing capillaries, allowing more insulin to be exposed to and bind to the insulin receptor, internalized, and degraded. This hypothesis is supported by the work of Phillips et al. (27) , who showed that prior RE enhanced postprandial leg blood flow responses, compared with no exercise. Another possibility may be that RE reduced portal vein glucose and/or FFA concentrations. Given that glucose and FFA have been shown to independently and synergistically impair insulin binding to receptors (16) , it is possible that RE reduced these substrates in the portal vein, preventing glucose and FFA interference of insulin binding to receptors in the liver, thus allowing more insulin to bind to hepatic insulin receptors and be internalized and degraded (i.e., greater insulin clearance).
In conclusion, the key clinically significant finding of this study is that both pre-and postdinner RE reduces postprandial glucose concentrations, but only postdinner RE reduces both postprandial glucose and TAG concentrations. Thus, overall, postdinner RE, compared with predinner RE, more effectively improves two significant postprandial CVD risk factors in obese patients with type 2 diabetes. Future studies are needed to determine whether long-term postmeal exercise training would better reduce CVD risk more so than premeal exercise.
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